Lipopolysaccharide (endotoxin) from the cell wall of Gramnegative bacteria is a potent trigger for the release of hostderived inflammatory mediators of sepsis, including proteins, free radicals and bioactive lipids [1] [2] [3] . A single intravenous bolus of Escherichia coli endotoxin given to healthy humans evokes many of the same responses (fever, tachycardia, tachypnoea and leukocytosis) that characterize Gram-negative infection [4] . EAA = endotoxin activity assay; ICU = intensive care unit; LAL = limulus amoebocyte lysate; SIRS = systemic inflammatory response syndrome.
Introduction
Endotoxaemia has been detected in a variety of disorders, including sepsis [5] [6] [7] , liver disease [8, 9] and vascular disease [10] , and in patients who have sustained trauma [11] or who have undergone cardiopulmonary bypass [12] . Even within aetiologically homogeneous populations of patients with sepsis, there is considerable variability in the prevalence of endotoxaemia and its association with important clinical outcomes [5] [6] [7] . Inability to detect endotoxaemia reliably in the clinical setting has impeded assessment of its precise role in inflammatory responses in critically ill patients [13] .
A minority of patients with clinical sepsis are bacteraemic by conventional blood culture methods [6, 14, 15] , and only 30-60% of bacteraemic patients develop fever and evidence of organ dysfunction [16] . Moreover, the association of endotoxaemia with Gram-negative bacteraemia is poor, perhaps in part because of the low sensitivity and specificity of blood cultures. Antibiotic administration may further confound culture results by triggering endotoxin release from dying organisms [17] .
Measurement of endotoxin in biological fluids is notoriously difficult [18] . The most widely used method -the chromogenic modification of the limulus amoebocyte assay (LAL) [19, 20] -permits detection of endotoxin in picogram quantities and has become the standard assay system used to detect endotoxin contamination in pharmaceutical manufacturing. Plasma proteins can interfere with the assay, making it less reliable in biological fluids. Moreover, the limulus coagulation cascade can be triggered by fungal products, rendering the assay relatively nonspecific. A recent report [21] documented an association between the chromogenic LAL and fungaemia, but found a negative correlation with Gramnegative bacteraemia.
We have developed an alternative technique for detecting endotoxin in whole blood based on the detection of enhanced respiratory burst activity in neutrophils following their priming by complexes of endotoxin and a specific antiendotoxin antibody [22] . The EAA shows excellent performance characteristics in recovering endotoxin from spiked samples and can be performed within 30 min, using less than 100 µl whole blood. We therefore undertook the present study to compare the LAL assay with the EAA, to determine the prevalence of endotoxaemia in a population of patients admitted to an ICU, to define its association with invasive infection, and to evaluate the association of endotoxaemia at ICU admission with clinical outcomes.
Patients and methods
We studied an inception cohort of 74 consecutive patients admitted to the medical-surgical ICU of the Toronto Hospitala 900-bed tertiary care referral center. The study protocol was reviewed and approved by the Committee for Research on Human Subjects (The Toronto Hospital), and need for informed consent was waived. Excluded patients included those who were admitted on the weekend, who had no arterial line, or who had a terminal prognosis.
Data collection and study definitions
Comprehensive clinical and laboratory data were collected on the day of ICU admission. Survival status was assessed at 30 days, and at ICU and hospital discharge. Admission multiple organ dysfunction score [23] and Acute Physiology and Chronic Health Evaluation II score [24] were calculated. Systemic inflammatory response syndrome (SIRS) was defined in accordance with the criteria of the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference [25] . Sepsis was defined as SIRS plus infection. Infection was diagnosed by the presence of microorganisms invading an otherwise sterile body fluid or site. Coagulase-negative staphylococci grown in one of two bottles from a blood culture was considered a contaminant. Blood for endotoxin assay was collected within 12 hours of admission in endotoxinfree tubes, with EDTA as an anticoagulant. Aliquots of plateletpoor plasma were stored at -70°C for subsequent LAL assay in pyrogen-free tubes. Endotoxin assays were compared with cultures drawn within 8 hours of the endotoxin sample.
Hypotension was defined as a systolic blood pressure below 90 mmHg for at least 1 hour, despite adequate filling pressures (pulmonary artery wedge pressure >12 mmHg), or as administration of an intravenous fluid bolus greater than 500 ml or the use of inotropic support (dopamine > 5 µg/kg per min, or phenylephrine, epinephrine or norepinephrine at any dose to maintain systolic blood pressure > 90 mmHg).
Assay of endotoxin by endotoxin activity assay
The EAA assay is described in detail elsewhere [22] . Briefly, a 2-ml sample of whole blood was drawn through an indwelling arterial line into an endotoxin-free K3EDTA blood collection tube (Vacutainer systems; Becton Dickinson, Franklin Lakes, NJ, USA). Samples were immediately transported to a laboratory adjacent to the ICU for assay. Blood samples were maintained at room temperature and all samples were assayed within 30 min of collection.
To assay levels of endotoxin, a 10 µl aliquot of whole blood was placed in each of three tubes containing luminol buffer (300 µl/tube). The control tube contained blood and buffer only, whereas a positive control contained a maximum stimulatory concentration of endotoxin (2 ng/ml); the final tube contained the test sample. All three tubes were incubated at 37°C for 5 min and assayed in triplicate. Chemiluminescence was initiated by the addition of 20 µl/tube human complement opsonized zymosan. Continuous measurements were made of light emissions at 30-s intervals over a total period of 20 min in a reciprocating tube luminometer (Autolumat LB 953; E. G. & G. Berthold, Wildbad, Germany).
Quantitation of endotoxin in whole blood was based on a standard curve of averaged light emission versus endotoxin concentration [22] . For each patient, a normalized response factor was calculated by subtracting the averaged 20-min light integral of the control from the assay tube and the maximally stimulated tube. The response factor was the difference light integral of the test sample divided by the difference integral of the maximally stimulated tube. The endotoxin concentration was interpolated from the dose-response curve of response factor versus endotoxin concentration.
Chromogenic limulus amoebocyte lysate assay
Determination of endotoxin using the LAL technique was conducted with the Associates of Cape Cod LAL assay (Pyrochrome Assay Kit; Associates of Cape Cod, Falmouth, MA, USA), with the sample pretreatment protocol of Tamura [26] . The assay was performed according to the manufacturer's instructions, using a 96-well microplate format (Pyrochrome 96-well plates; Associates of Cape Cod). All dilutions of standards and reagents were performed in glass vessels that had been depyrogenated by heating to 220°C for a minimum of 4 hours. All pipette tips were endotoxin free (Diamed Laboratory Supplies Inc., Mississauga, Ontario, Canada). Solutions were prepared with endotoxin-free water, as verified by LAL assay.
In order to perform the assay, 100 µl plasma was added to 200 µl 1.32 N nitric acid and 200 µl 0.5% Triton X-100, vortexed for 30 s, and incubated at 37°C for 5 min. The tubes were centrifuged at 1500 g for 5 min at room temperature. An aliquot of 200 µl supernatant was pipetted into a tube containing 200 µl 0.55N sodium hydroxide for assay. Twofold serial dilutions were performed on all samples using endotoxin-free water. Endotoxin values were calculated from the highest dilutions that yielded plateau endotoxin concentrations. To achieve maximum sensitivity, assays were performed using diazo coupling to N-(1-naphthyl)-ethelenediamine, with absorbance detection at 550 nm. Most samples displayed dilution enhancement.
Statistical analyses
Continuous variables are described as means and standard deviations, unless otherwise specified. Normality was ensured using normal probability plots, and continuous biological variables were compared using Student's t-test. Dichotomous variables were compared using a χ 2 test or Fisher's exact test, where appropriate. By convention, an α level of P < 0.05 was considered to be statistically significant.
Results
During the 7-week study period, 126 patients were admitted to the medical/surgical ICU. Seventy-four patients met the inclusion criteria for the study. Patients were excluded for the following reasons: lack of an in-dwelling arterial line (five patients), predicted ICU stay less than 24 h (19 patients), admission from another ICU (three patients) or readmission (three patients), organ donors (three patients), or admission on the weekend (19 patients). Demographic data for the patients included in the study are summarized in Table 1 .
Endotoxin activity assay reliably detects endotoxaemia in critically ill patients
Lipopolysaccharide was added to whole blood of four ICU patients with no detectable endotoxin levels, in graded doses of 100, 400 and 800 pg/ml. The resulting dose-response curve was indistinguishable from one constructed from the blood of nonhospitalized ambulatory normal control individuals [22] . In a parallel series of studies (Fig. 1) , patient samples with elevated endotoxin levels were treated with polymyxin B to chelate lipopolysaccharide (300 µg/ml blood for 20 min at 37°C) and reassayed using the EAA. This treatment resulted in complete abrogation of the endotoxindependent signal in the majority of samples.
Prevalence of endotoxaemia
Using the EAA, 43 out of 74 patients (58%) had endotoxin levels greater than 50 pg/ml at the time of ICU admission. The association of endotoxin levels with reason for admission is shown in Table 2 . Endotoxin levels by EAA were highest in patients with an admission diagnosis of sepsis, and endotoxin levels greater than 50 pg/ml significantly correlated with an admission diagnosis of sepsis (P < 0.01). This association was not evident when blood samples were assayed using the LAL.
Endotoxaemia is associated with Gram-negative infection
Culture-proven infection was present in 19 (26%) patients at the time of ICU admission: eight patients had pneumonia, eight had positive blood cultures, two had positive cultures from an intra-abdominal source, and one had a positive urine culture. Ten patients had culture-proven Gram-negative infections (five pneumonias, two bacteraemias, two intra-abdominal infections and one urinary tract infection). All patients with Gram-negative infections had endotoxin levels greater than 50 pg/ml using the EAA (Tables 3-5 ). As shown in Fig. 2 , patients with Gram-negative infection had higher mean endotoxin levels than did those without Gram-negative infection when measured using the EAA (P < 0.05); no difference in endotoxin levels was observed when the same samples were assayed using the whole-blood LAL method.
Endotoxaemia does not correlate with mortality or illness severity
There were no statistically significant associations between an ICU admission endotoxin level greater than 50 pg/ml and ICU or hospital mortality (Table 6) . Patients who had endotoxin levels below 50 pg/ml, as measured using the EAA method, had a trend toward a shorter duration of ICU stay (3.5 ± 6.2 days) than did patients with levels greater than 50 pg/ml (8.1 ± 18.8 days; P = 0.082, by Mann-Whitney U test). Acute Physiology and Chronic Health Evaluation II scores were not significantly different between patients who were endotoxaemic and those who were not.
Endotoxaemia is associated with leukocytosis but not with systemic inflammatory response syndrome
SIRS, as defined by the presence of two or more criteria [25] , was present in 60 out of 74 patients (80%) at the time of admission to the ICU; however, its presence was not associated with endotoxaemia. Mean white blood cell counts for patients with endotoxaemia were significantly higher (15.7 ± 9.1 × 10 9 cells/l for endotoxaemic patients versus 10.8 ± 6.2 × 10 9 cells/l for patients without endotoxaemia; P = 0.014). Using the EAA method, patients who were hypotensive on admission had a mean endotoxin level of 440 ± 350 pg/ml, versus Available online http://ccforum.com/content/6/4/342
Figure 1
Effect of polymyxin-sulphate preincubation on endotoxin recovery in the endotoxin activity assay. Samples from 15 intensive care unit patients with endotoxaemia ranging from 50 to more than 800 pg/ml were pretreated with polymyxin-sulphate at a concentration of 300 µg/ml for 20 min at 37°C. Endotoxin concentrations are expressed as means ± standard deviation. Endotoxin levels in patients with Gram-negative infection. Endotoxin levels were significantly higher by endotoxin activity assay (P < 0.05, n = 10). Endotoxin concentrations are expressed as means ± standard deviation.
320 ± 330 pg/ml for normotensive patients; however, the difference was not statistically significant (P = 0.18).
Discussion
We compared results obtained with a new, rapid, near-patient assay for endotoxin with those obtained using the chromogenic LAL assay in a group of patients admitted to an ICU. In this heterogeneous patient population, 58% of patients had endotoxin levels greater than 50 pg/ml at the time of ICU admission. Endotoxaemia was associated with Gram-negative infection from any source, a diagnosis of sepsis and an elevated white blood cell count, but only when samples were assayed using the EAA; no such correlations were found when samples were assayed using the LAL method.
To date the only widely available method for measuring endotoxin has been the LAL assay; however, its use to detect and quantify endotoxin in plasma or whole blood has been problematic. Circulating inhibitors of the limulus reaction have been described [18, 27] , and published reports show considerable variability in the prevalence of endotoxaemia or its association with Gram-negative infection [6, 16, 21] .
The EAA detects endotoxin as the priming of the patient's own neutrophils by complexes of endotoxin and a specific antiendotoxin antibody; it is thus sensitive and more specific than the LAL assay [22] . It can be performed using as little as 100 µl whole blood and results are available within 30 min. We previously showed the assay to be specific for Gramnegative bacterial endotoxin [22] . Similar performance characteristics are reported here for recovery studies using blood from critically ill patients. In a subset of 15 patients with elevated endotoxin levels, as assayed using the EAA, polymyxin B -a specific endotoxin-binding agent -eliminated or markedly attenuated the chemiluminescent signal (Fig. 1 ).
Hurley [26] conducted a meta-analysis of 11 studies including a total of 738 patients, in whom the correlation between endotoxaemia, Gram-negative bacteremia and infection was evaluated. Of the patients studied 18% had endotoxaemia and Gram-negative bacteraemia, 12% had Gram-negative bacteraemia alone and 19% had endotoxaemia alone; in 51% of patients with suspected sepsis, neither endotoxin or bacteraemia was detected. The concomitant detection of endotoxin and Gram-negative bacteraemia was strongly associated with a fatal outcome.
Endotoxaemia has been reported to be common in patients with sepsis (79%) [16] , chronic liver disease with cirrhosis (46%) [9] , and leukaemia or lymphoma (81%) [28] , as well as in patients undergoing cardiopulmonary bypass (100%) [12] . Endotoxaemia correlates with mortality in patients with meningococcaemia [29] , severe pancreatitis [30] and extensive burn injury [31] . The data presented here do not suggest an association with increased risk for mortality in an heterogeneous population of critically ill patients.
Conflicting findings have been reported regarding the association of endotoxaemia with Gram-negative bacteraemia [5] [6] [7] 13, 16, 17] . Endotoxaemia in the absence of viable Gram-negative microorganisms may reflect translocation of lipopolysaccharide from either a haematogenous or extravascular site of Gram-negative bacterial invasion [32] . Antibiotics can accelerate endotoxin release [33] and may result in falsely negative blood cultures. Endotoxin may also appear in the blood stream following hypotensive episodes that result in reduced splanchnic blood flow [10] . Animal studies have similarly documented systemic translocation of endotoxin from the lungs [34] . Several patients in the present study with Gram-positive infections also demonstrated high levels of endotoxin (Tables 3-5 ). This phenomenon has been described by others [5, 35] and may represent concomitant Gram-negative infection or translocation of endotoxin through gut or lung tissue.
Clarification of the pathogenic role of endotoxin in Gramnegative sepsis is further complicated by the failure of clinical trials evaluating antiendotoxin therapies. Although preliminary studies of antiendotoxin strategies suggested promise, larger phase III trials have yielded disappointing results [15] . Inability to identify appropriate populations for study on the basis of clinical criteria alone may partly account for the lack of apparent benefit. Wortel and coworkers [7] used the LAL assay to measure plasma endotoxin levels in a subset of 82 patients enrolled in a phase III antiendotoxin trial. Those investigators found a 58% decrease in mortality for patients with documented endotoxaemia who received the antiendotoxin antibody as compared with endotoxaemic patients who received placebo (P = 0.034).
More studies using the EAA are required to establish the role of endotoxaemia in the pathophysiology of critical illness. However, the ability to detect endotoxaemia reliably and rapidly may expedite the investigation of suspected infection in critical illness, and may help to identify appropriate highrisk populations for intervention with conventional antibiotic or surgical strategies, or emerging therapies that target endotoxin per se.
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Key messages
• Circulating endotoxin can be rapidly detected in critically ill patients using the technique of whole blood chemiluminescence
• Significant endotoxemia is a common finding in critical illness
• Endotoxin levels are most elevated in patients with clinical sepsis EAA, endotoxin activity assay; GNB, Gram-negative bacilli; LAL, limulus amoebocyte lysate; VRE, vancomycin-resistant enterococcus. 
